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ABSTRACT
A METATRANSCRIPTOMIC ANALYSIS OF THE LONG-TERM EFFECTS OF
WARMING ON THE HARVARD FOREST SOIL MICROBIOME
SEPTEMBER 2022
BROOKE ALLISON LINNEHAN, BS., UNIVERSITY OF MASSACHUSETTS
AMHERST
M.S. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Jeffrey L. Blanchard

The year 2020 marked one of the hottest years on record to date, with the average
global temperature reaching 1.2 °C above pre-Industrial era (1880) temperatures. Rising
temperatures are largely attributed to increasing CO2 levels from the widespread burning
of fossil fuels. Terrestrial ecosystems make up the largest global carbon reservoir. In the
soil, microorganisms play major roles in carbon and nutrient cycling, decomposition, and
mediation of plant health, among several others. Involvement in such important processes
makes soil microbial communities incredibly insightful for understanding earth’s
changing climate.
The Harvard Forests in Petersham, MA implement belowground heating cables to
warm experimental soils 5°C above the ambient soil temperature. With this dramatic
temperature difference, researchers intended to simulate a worst-case scenario for earth’s
climate. However, upward trends in global warming make this projection not as far out of
reach as originally thought.
In 2017, the heating cables in experimental soil plots were turned off after
approximately 15 consecutive years of warming and the soil was allowed to re-equilibrate
v

to the ambient temperature. Experimental soils took around 2 months to reach the same
temperature as the control soils. Significant changes in soil respiration levels and
moisture were observed, raising the question as to whether soil microbial gene expression
levels changed as well. Soil samples were collected for bulk RNA extraction from both
heated and control soil plots on the day the heating cables were turned off (Day 0) and
sequenced on the Illumina NextSeq platform at the Department of Energy’s Joint
Genome Institute.
Here I present a metatranscriptomic analysis of the Harvard Forest soil
microbiome on Day 0 to uncover the soil microbial community’s transcriptional response
to long-term warming. Major phyla that were less transcriptionally active in response to
warming include Basidiomycota, Pseudomonadota, Bacteroidetes, and Acidobacteria,
which have essential roles in decomposition, nutrient cycling, mediating plant health, and
more. Phyla that were more transcriptionally active in response to warming include
Actinobacteria, Ascomycota, and Chloroflexota, which participate in biogeochemical
cycling, polymer breakdown, antimicrobial activity, and more. These changes in activity
reflect the ways in which the soil microbiome responds to chronic warming.
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CHAPTER I. INTRODUCTION

1.1. Soil As a Major Carbon Reservoir
Terrestrial ecosystems comprise the largest global carbon reservoir, harboring an
estimated 3,000 pG of carbon (Kochy et al., 2015). The world’s forests account for more
than half of the organic carbon stored on land (Goodale et al., 2002). Currently, forests of
the temperate zone are actively accumulating carbon in large enough quantities to affect
the global carbon budget (Goodale et al., 2002; Canadell et al., 2007). Terrestrial soils
also hold massive amounts of carbon, much of it used by microbial communities that are
busy and thriving underground. The soil is home to a dynamic and diverse community of
microbes, microfauna, and mesofauna. Microfauna and mesofauna are less than 2 mm in
size and include nematodes, protozoa, mites, collembola, springtails, enchytraeids, and
diplura. Soil microbes include bacteria, fungi, archaea, and viruses. Soil microbes
mediate plant health and nutrition, as well as the physical properties of the soil (Dennis et
al., 2010; Feeney et al., 2006; Rillig and Mummey, 2006). Microbes also facilitate the
reactions that drive 80-90% of soil processes (Coleman and Crossley, 1996; Nannipieri
and Badalucco, 2003).
Soil microbial communities are affected by several factors, both biotic and abiotic
(Jo et al., 2022). Some main factors that influence the dynamics of soil microbial
communities include pH, temperature, nutrient availability, substrate availability,
moisture, salinity, contamination, and plant root exposure (Dennis et al., 2009; Ward et
al., 1998; Zhou et al., 2002; Broughton and Gross, 2000; Dennis et al., 2012; Kuske et al.,
2002; Muller et al, 2001; Nubel et al., 2000). Soil microbial communities are responsible
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for almost all of the biogeochemical cycling and decomposition of soil organic matter
that occurs in terrestrial ecosystems, and these vital processes maintain plant health and
diversity (Bardgett and Van Der Putten, 2014; Wagg et al., 2014; Schimel, 2016).
Carbon, nitrogen, and phosphorus are some of the main nutrients cycled by soil microbes
(Bardgett et al., 2008; Hayatsu et al., 2008; Correa et al., 2016).

1.2. The Current State of the Climate
The Paris Agreement, an international treaty that aims to bring countries together
in the face of climate change, went into effect in 2015. This landmark endeavor seeks to
limit global warming to well below 2 °C, but preferably 1.5 °C relative to pre-Industrial
(1880) temperatures. The earth has been predicted to warm anywhere between 1.1 °C and
6.4 °C over the 21st century (Alley et al., 2007). With the earth currently at about 1.2 °C
in excess of pre-Industrial temperatures, the future of the health of our planet is volatile
(Zhongming et al., 2021).
Climate change is perpetuated by several phenomena such as global warming,
carbon dioxide enrichment, altered precipitation, nitrogen deposition to the atmosphere,
and land use (Sala et al., 2000; Hooper et al., 2012; Foley et al., 2005). Human activity
drives many of these factors and consequently threatens biodiversity in earth’s
ecosystems. Global warming is the result of greenhouse gases accumulating in the
atmosphere and insulating the earth. When radiation from the sun hits the earth, much of
it is absorbed, and some of it is reflected by the earth and the atmosphere as infrared
radiation. Greenhouse gas molecules absorb some of the infrared radiation, but much of it
is re-emitted in all directions, further amplifying the heat the earth receives from the sun.
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Greenhouse gases include carbon dioxide, methane, nitrous oxide, water vapor, and
fluorinated gases. Climate change is driven by the large-scale cycling of these key
elements, namely carbon. Beyond the greenhouse effect, there are several routes through
which carbon is emitted to the atmosphere.
Anthropogenic warming has the potential to alter ecosystems that we don’t
necessarily interact with directly. An example of this is known as permafrost carbon
feedback (Miner et al., 2022). The Arctic is a huge carbon sink, sequestering an estimated
1,700 billion metric tons of frozen carbon. Anthropogenic greenhouse gas emissions
continue to warm the earth and this perpetuates feedback to the Arctic, ultimately causing
the permafrost to thaw. This tips the scale of carbon cycling in the Arctic and triggers the
thawing permafrost to become a carbon source instead of a sink, further contributing to
already high emissions. On top of that, the melting of ice in the Arctic causes a rise in sea
levels, posing a major threat to humanity. Large carbon stores such as those in the Arctic
have the potential to drastically alter the climate, so it is crucial to prevent these carbon
sinks from becoming carbon sources.
It has never been more apparent that human-related activity is driving the
catastrophic changes we see in the earth’s climate. When the 2020 Covid-19 pandemic
struck, carbon emissions temporarily declined due to fluctuations in consumption patterns
and an overall decrease in transportation needs (Le Quéré et al., 2020). Increasing trends
in carbon emissions research in the last several years, especially between 2016-2018,
indicate the dire need for a deeper understanding of the driving forces and consequences
of anthropogenic emissions (Udara et al., 2019). The demand for more sustainable,
carbon-mitigating practices has never been more relevant. Renewable energy can take
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many forms (solar, hydro, wind power, etc.) and is also considered a beneficial option for
low-income countries (Ehigiamusoe and Dogan, 2022). Despite promising research, the
economic concerns that surround an endeavor like reforming energy sources remain a
barrier to achieving a more environmentally friendly human existence.

1.3. The Soil and The Climate
Despite the vast quantities of carbon stored in terrestrial soils, it is not known how
the progression of warming and climate change will influence carbon turnover in the soil.
The soil microbial community can either be a source of greenhouse gases, further
emitting carbon into the atmosphere, or it can function as a carbon sink, sequestering
carbon from the atmosphere. By elucidating the effects of warming on microbial
communities, we can understand how the vast amounts of carbon will be cycled through
the soil. Soil microbes turn decomposing litter and carbon into biomass and carbon
dioxide. Such processes depend on many factors like the amount of available carbon,
temperature, and the genetic capacity of the soil microbes for processing carbon.
Warming can increase enzyme catalytic rates and decomposition rates, thereby increasing
the microbial activity in soil (German et al., 2012; Hamdi et al., 2013).
The soil is complex, and the way the soil responds to stressors like climate events
is highly variable. Some studies have looked at how soil organic matter is affected by
fire, a disturbance that is expected to become more frequent as the earth warms. A study
that focused on a boreal forest in China found that wildfires decreased the soil’s ability to
sequester carbon (Han et al., 2021). Surprisingly, another study found that fire-driven
changes might promote the stability of soil organic matter in decomposition, but only
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because it may be offsetting the loss of biomass aboveground (Pellegrini et al., 2022).
Another soil climate-simulating study added labile carbon in the form of sucrose to
coniferous forest soils at amounts 1.5 times greater than current rates of labile carbon
input. They found that adding sucrose to soils resulted in less organic carbon in the
mineral soil horizons. They also found that fungi dominated labile carbon use in the
organic layer, while bacteria dominated in the mineral horizons (Jílková et al., 2021). Soil
microbial diversity is affected by the deposition of nitrogen. A 2018 meta-analysis found
that nitrogen addition to soil can decrease bacterial and fungal diversity, as well as the
abundance of certain groups like Acidobacteria and Nitrospirae, demonstrating a
potential alteration in soil ecosystem function that may serve as a mechanism of feedback
to global climate change (Wang et al., 2018). Climate change is the culmination of
several different phenomena, and with such great variability across earth’s soils, it is
unclear how the interaction or combination of these phenomena might affect the soil
microbiome’s ability to cycle important nutrients like carbon and nitrogen. It is important
to address climate change because loss of soil microbial diversity can be detrimental to
the future of humanity. One study found that soil microbial diversity was negatively
correlated with the abundance of antibiotic-resistance genes in bacteria, suggesting that
microbial diversity may be a biological defense mechanism against antibiotic-resistant
pathogens (Chen et al., 2019). With antibiotic resistance already on the rise, this is a
concerning realization.
Efforts to elucidate the resistance and resilience of ecosystems in the face of
climate change have become a major focus area of ecological research, but much of this
effort pertains to aboveground and aquatic ecosystems (Ingrisch and Bahn, 2018; Oliver
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et al., 2015; Nimmo et al., 2015). There is still much to learn about below ground soil
microbial communities. In order to understand how soil microbial communities persist in
the face of climate extremes, we must first understand how to link changes in soil
microbial community structure to their function (Bardgett and Caruso, 2020). This
highlights a need to understand the mechanisms that either drive or hinder persistence.
The Harvard Forest Long-Term Ecological Research site in Petersham, MA implements
belowground heating cables that warm the soil 5 °C above the ambient temperature to
simulate climate change. The differences between heated and control soils indicate the
ways that soil microbes respond to warming.

1.4. The Harvard Forest Long-Term Ecological Research Site
The Harvard Forest Long-Term Ecological Research (LTER) Site in Petersham,
MA is home to three main soil warming experiments. Prospect Hill, established in 1991,
was the first soil warming experiment. Barre Woods was established next in 2003,
followed by the Soil Warming and Nitrogen Addition (SWaN) site in 2006. Heating
cables run 10 cm below the ground, and the 30x30m experimental plots are consistently
warmed 5°C above the ambient temperature to simulate climate change.
The Harvard Forest is an even-aged, mixed hardwood forest. The LTER site has
been described in a former publication (Melillo et al., 2002). The Harvard Forests
experience a cool, temperate, and humid climate. Temperatures range from a weekly
average of -7°C in January to 20 °C in July. There is a roughly even distribution of
precipitation (average of 110 cm) throughout the year. The soil pH ranges from 3.83 at
the surface and 4.85 subsurface. The average bulk density of the upper 15 cm is 0.64
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g·cm-3. Soils are mainly of the Canton hydrologic soil series (coarse-loamy over sandy or
sandy-skeletal, mixed mesic Typic Dystrochrepts) (McVey, 2016). Dominant species in
the forests include red maple (Acer rubrum),, red oak (Quercus rubra), white pine (Pinus
strobus), eastern hemlock (Tsuga canadensis), and black birch (Betula lenta). A distinct
plow layer shows past cultivation, which has been confirmed by historical records.

1.5. Previous Research at Harvard Forests
Since soil microbial communities are responsible for biogeochemical cycling and
other important processes pertaining to plant health, a major concern is that soil microbial
communities may shift from a carbon sink to a carbon source. One of the ways this can
be studied is by measuring soil respiration rates, a key indicator of carbon utilization. A
previous study at the Harvard Forest LTER looked at different experimental warming
sites, which had experienced the warming treatment for different amounts of time (Pold
et al., 2016). They found that after 5 years of warming, expression of genes associated
with carbohydrate degradation increased in the soil organic layer. However, they also
found that after 20 years of warming, carbohydrate degradation genes decreased in the
organic layer. These conflicting results highlight the uncertainty of how soils will
respond to climate change and how further analysis is needed to determine if the soil will
become a carbon source or sink. In Harvard Forest warming experiments where warming
was continuous for 5, 8, and 20 years, carbon mineralization was higher in response to
warming and there was less readily available carbon in heated soils (Contosta et al., 2011;
Melillo et al., 2011; Peterjohn et al., 1994; Bradford et al., 2008). However, soil
respiration rates were not consistently higher across heated soils (Melillo et al., 2002).
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It is not only important to know what processes are affected by warming, but also
what members of the soil microbial community are most affected by warming. Long-term
warming is a selective pressure that may change levels of some members of the
community and not others. If a particular phylum is diminished as a result of warming,
this can be detrimental to the soil’s capacity to carry out certain processes. For example,
Acidobacteria are a prominent member of the soil microbial community and contain a
repertoire of genes involved in diverse metabolic pathways including the decomposition
of biopolymers (Kalam et al., 2020). If Acidobacteria became less abundant in the soil,
one might expect to see disruption in such decomposition processes. DeAngelis et al.
observed changes in levels of members of the bacterial community in the Prospect Hill
site of the Harvard Forests after 20 years of warming. The mean ribosomal RNA copy
number, a key indicator of bacterial abundance, was significantly lower in the organic
layer of heated soils compared to the organic layer of control soils (DeAngelis et al.,
2015). However, the mineral layer experienced no significant change, highlighting the
complexity of the soil microbial community’s response to warming. Another study at the
Harvard Forests conducted after 12 years of warming found a decrease in microbial
biomass and shifts in abundance towards Gram-positive bacteria after 12 years of
warming (Frey et al., 2008). Given that a previous study at the Harvard Forest LTER
found that seasonal variation did not have a considerable effect on gene expression in
comparison to long-term warming (Chowdhury et al., 2021), the transcriptional changes
that occur in response to warming may reveal key information on how soil microbial
communities will respond to ongoing climate change.
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CHAPTER II. A METATRANSCRIPTOMIC ANALYSIS

2.1. The Need for Multi-Omics Climate Research
The immense diversity and abundance of soil microbes is one of the main
challenges to soil microbial research. It is estimated that 1 trillion microbial species
inhabit the earth (Locey and Lennon, 2016). With up to 1 billion bacterial cells, and tens
of thousands of microbial species per gram of soil, the extent to soil microbial diversity is
vast and still not fully elucidated (Wagg et al., 2014; Gans et al., 2005; Roesch et al.,
2007). It is not yet known how to culture many of the microbes found in the soil. Of the
relatively few microbes that we do know how to culture in the lab, most of these
microbes are difficult to keep alive, not to mention costly for both resources and time.
The soil is also a heterogeneous environment, making it difficult to physically isolate
microbes. Despite these barriers to soil microbial research, the need to understand the soil
is clear. With the technological advances of genomic sequencing, researchers can now
study microbial communities without having to culture microbes in the lab. Genome
sequencing has revolutionized the world of microbial research. Researchers are now able
to extract nucleic acids like DNA or RNA and sequence the genetic information
contained. This enables scientists to obtain mass amounts of genetic information from
microbes in a way that was not possible before.
Genome sequencing can be used to assemble complete or near-complete
genomes. With genomics, one can figure out what genes are present and how a particular
organism fits into a phylogenetic tree with other organisms. This is incredibly useful for
identifying new taxa from environmental samples and also has several applications to
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studying the human microbiome. Metagenomics is a method of sequencing and analyzing
all genomes from a sample in bulk, which is an efficient way of obtaining large amounts
of data from a single sample. Besides metagenomics, there is also much to discover using
metatranscriptomics. Metatranscriptomics utilizes RNA to determine expression levels of
all genes in a sample. Metagenomics and metatranscriptomics are both incredibly
applicable to microbial research depending on the question being asked. Metagenomics is
a great way to determine who is in a sample, i.e. identifying the different genera and
species of microbes in a soil sample. Metatranscriptomics, however, is useful to
determine what microbes in the sample are doing. Gene expression levels are an excellent
indicator of what processes microbes were involved in at the time that RNA was
extracted. RNA is temperature-sensitive, thermodynamically unstable, and prone to
degradation by environmentally abundant RNases, or enzymes that degrade RNA. That
said, RNA doesn’t persist very long in the cell and is rapidly degraded. The timesensitive nature of RNA makes it useful for metatranscriptomics research because the
transcriptome represents a snapshot of all genes that were expressed at the exact time the
RNA was extracted. Since DNA is much more stable and long-lasting than RNA, DNA
does not answer those questions in the way that RNA can.
There are also other soil-specific benefits of sequencing RNA transcripts as
opposed to DNA. For example, extracting DNA from soil samples may recover DNA
from microbes that are no longer alive. DNA can also be free and extracellularly bound to
soil particles. This DNA from dead microbes can persist in the soil and skew genomic
sequencing efforts to represent microbes that aren’t alive anymore. Since DNA is not
readily degraded like RNA, it can easily be detected following microbial death. Finally,
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DNA can also be detected from microbes that are not metabolically active. Those
microbes will still be represented in genomic sequencing data simply because they are
present, not necessarily because they are active. Thus, metatranscriptomics is the best
way to characterize the activity of the soil microbiome because the short-lived RNA
indicates gene expression, and necessarily implies recent life and activity.

2.2. The Barre Woods Temperature Toggle Experiment
At the Harvard Forests’ Barre Woods site, heating cables began warming the soil
in 2003, continuously heating the soil until 2017. In May 2017, an endeavor called the
Barre Woods Temperature Toggle Experiment began, where the heating cables were
turned off until September 2017. During the time that warming ceased, several alarming
observations were recorded. The soil temperature in the heated plots took nearly two
months to reach the same temperature as the control soils (Figure 1). Although the toggle
experiment was relatively short, this gives insight as to how the soil might struggle to
recover in the face of ongoing climate change. The water content in the experimental soil
remained low throughout the experiment, which is concerning because the soil may be
less capable of holding moisture in the face of ongoing warming as a result of climate
change. As the earth continues to warm, deeper droughts and rewetting may be a threat to
the soil ecosystem, as water functions as not only a resource, but also a solvent and
transport medium (Schimel, 2018). Soil respiration, higher in the experimental plot when
warmed, dropped below the control levels while the power was off, then returned to
higher levels once the temperature came back up. This fluctuation of respiration rates
provides insight into how microbial communities may be impacted by climate change.
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In September of 2017, the heating cables were turned on again. An ongoing
endeavor in the Blanchard Lab is to elucidate the transcriptional changes that occurred
once the heating cables were turned on again. By comparing the metatranscriptomes of
soils before the cables were turned back on (while the soil was still the same temperature
as the control soil) to the metatranscriptomes of soils immediately following the
reintroduction of heat, the transcriptional changes observed would uncover the molecular
mechanisms with which microbes respond to warming.

2.3. Materials and Methods
2.3.a. Sample Collection
Soil cores were collected from the Barre Woods experimental warming plot of the
Harvard Forests on May 30, 2017 (Day 0). On Day 0, a total of 28 soil cores were
collected. Soils were obtained from seven heated subplots and seven control subplots
within the 30x30 meter plots. Soil cores were collected from both the organic and mineral
layers. The organic layer was separated from the mineral layer by visual inspection.
Samples were sieved to remove rocks, and promptly placed in a cooling bath of ethanol
and dry ice. Samples were transported to UMass Amherst and stored at -80 ℃ until
nucleic acid extractions.

2.3.b. RNA Extraction and Sequencing
RNA extractions were also explained in a former publication (Schulz et
al., 2018). Briefly, total RNA was isolated from 28 soil samples (mineral; n=14
and organic; n=14) using the RNeasy PowerSoil Total RNA Kit (Qiagen,
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Valencia, CA, USA). Bacterial and Plant rRNA depletion was performed on the
RNA samples prior to sequencing. RNA samples were tested for quality using the
Nanodrop spectrophotometer, Qubit fluorometer, and Bioanalyzer machine.
Libraries were prepared and sequenced on the Illumina NextSeq platform at the
Department of Energy Joint Genome Institute.

2.3.c. Bioinformatics and Statistics
Raw pair-ended (2x150) sequences were merged and cleaned (i.e., filter
and trimmed) using Flash and BBDuk, respectively (Bushnell, 2016; Magoč and
Salzberg, 2011). FastQC tool was used to assess the quality of sequences
(Andrews, 2010). Then, SortmeRNA was employed to remove ribosomal RNA
sequences from further analyses (Kopylova et al., 2012). Retained sequences
were searched against the non-redundant NCBI database with Kaiju (Menzel et
al., 2016) and implemented in KBase (version 2.6.4; Arkin et al., 2018).
Metatranscriptome reads were assembled in MetaSpades future analyses (Nurk et
al., 2017). p-values were calculated using Welch's t-test (unequal variances t-test)
using the R package t.test. Statistics on metatranscriptomes were performed in the
R environment (R Core Team and R Development Core Team, 2008). Data
visualizations were performed in R with the ggplot2 package (Wickham, 2009).

2.4. Results
Illumina sequencing of RNA extracted from soils collected at the Barre Woods
site produced a total of 184,499,712 protein coding reads obtained from 28 soil samples,
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with 7 samples for each soil layer in each condition. The sequencing read counts per soil
sample are shown (Figure 2). Table 1 shows an overview of the transcriptome data, and
contains information on the transcriptome file, transcript abundance percentage, read
count, taxonomic id, taxonomic name, soil sample, treatment group, and soil layer. The
percent column denotes the transcript abundance percentages for particular taxa in a
given soil sample and treatment group. For example, in the soil sample sourced from the
mineral layer of heated subplot 2 (BW-H-2-M) at the Barre Woods (BW) site,
Acidobacteria transcripts comprised 30.64% of transcripts for that sample, represented by
429,100 reads (Table 1).
A breakdown of the taxonomic composition of each soil sample is shown, with
Proteobacteria, Acidobacteria, and Actinobacteria dominating the majority of the samples
(Figure 3). Though all samples appear to have roughly the same members of the soil
microbial community (Figure 3), their transcript abundances are slightly different
between the organic and mineral layers. For example, in the organic layer, Proteobacteria
dominates, followed by Acidobacteria, Actinobacteria, and Firmicutes (Figure 4). In the
mineral layer, however, Acidobacteria dominates, followed by Proteobacteria, Firmicutes
and Actinobacteria (Figure 5). As far as fungal members, the Basidiomycota were
transcriptionally abundant in both the organic and mineral layers. Ascomycota followed
closely behind Basidiomycota in the organic layer, but not in the mineral layer.
Ciliophora were also abundant in the organic layer, but ciliates weren’t among the most
transcriptionally abundant in the mineral layer.
Tables 2-5 contain the taxonomic groups that exhibited significant differences in
transcriptional activity between the heated and control plots. A p-value cutoff of p=0.1
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was used to determine statistical significance since the samples are not replicates of each
other and thus are subject to variability due to differences (albeit minimal) in soil
subplots. Taxonomic level, soil layer, taxon name, p-value, the difference between heated
and control mean transcript abundances (H_mean - C_mean), and the percent change.
The percent change was calculated by dividing the difference in heated and control mean
transcript abundances by the control mean transcript abundance and multiplied by 100.
The difference between the heated mean transcript abundance and the control mean
transcript abundance is shown for different taxonomic groups in Figure 6. This difference
denotes the percent of the total soil sample that either increased or decreased in transcript
abundance and was classified as that taxonomic group. For example, in the organic layer,
Actinobacteria had a difference of around 2.4, meaning that 2.4 percent of the
Actinobacteria transcripts that were present in the heated soils were not present in the
control soils. The percent change for each taxonomic group is shown in Figure 7. The
percent change is calculated by the difference in heated mean transcript abundance and
the control mean transcript abundance, divided by the control mean transcript abundance.
This value reflects the increase or decrease in transcriptional activity in the heated soils
relative to the control. For example, in the organic layer, Actinobacteria were about 24%
more transcriptionally active in the heated soils than in the control.

2.4.a. Organic Layer
In the organic layer, several taxa had significantly different transcript abundances
between the heated and control soils. Nine significant decreases (Table 2) and seven
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significant increases (Table 3) in transcript abundance were observed in the heated soils
at different taxonomic classifications ranging from the phylum level to the species level.
Basidiomycota were the only phylum that decreased in transcript abundance in response
to warming, with about 46.6% less transcripts in the heated soils than in the control soils
(Table 2). At the class resolution, Agaricomycetes decreased by 53.3% and
Betaproteobacteria decreased by 18.9%. Taxonomic orders that were significantly less
transcriptionally active in response to warming included Agaricales (70.2%), Polyporales
(29.6%) and Burkholderiales (22.2%). The Burkholderiaceae family decreased by 28.3%
in the heated soils. Genera that were less transcriptionally active in response to warming
included Granulicella (29.8%) and Burkholderia (26.6%), and no species were found to
decrease in transcript abundance in the organic layer.
Two phyla increased in transcript abundance in response to warming: the
Chloroflexi phylum increased by 51.5% and the Actinobacteria phylum increased by
23.7% (Table 3). The Eurotiomycetes and Actinobacteria classes both increased with the
warming treatment, by 58.6% and 23.7%, respectively. Order Eurotiales was significantly
more transcriptionally active in heated soils, increasing by 67.8% . The Aspergillaceae
family increased in transcript abundance by 65.3%. No genera were significantly
increased in the organic layer. Only one species was found to have a significant increase
in the organic layer, classified as “Chloroflexi bacterium”, which increased by 70.4%.

2.4.b. Mineral layer
In the mineral layer, Basidiomycota represented the only phylum that was
significantly lower in transcript abundance due to warming, decreasing by 63.5% (Table
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4). At the class level, the Agaricomycetes were significantly less abundant with about
67.1% less transcripts in the heated plots. Several taxonomic orders experienced a
decrease in transcript abundance in response to warming, including Agaricales (83.5%),
Chitinophagales (29.3%), Oceanospirillales (20.8%), Pseudomonadales (20%), and
Legionellales (17.2%). Chitinophagaceae, Pseudomonadaceae, and Rhizobiaceae families
were also significantly less transcriptionally active in heated soils, decreasing by 29.3%,
21.9%, and 14.5% respectively. Genera Pseudomonas decreased by 22.1% and
Rhizobium decreased by 18% in response to warming. There were no significant
decreases in transcript abundance at the species level in the mineral layer.
The only taxa that were significantly more transcriptionally active in the mineral
layer of heated soils were the Nocardioidaceae family which increased by 28.3% and the
Mycobacterium genus which increased by 34.2% (Table 5). In the mineral layer
exclusively, there were many transcripts that were not able to be taxonomically classified
(Table 5). Unclassified transcripts comprised 61.37% of transcripts in the control soils
and 66.59% of transcripts in the heated soils (data not shown), and increased by 8.5% in
response to warming.
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2.4.c. Tables and Figures

Figure 1. Graphical summary of the Barre Woods Toggle Experiment. Bold
vertical black lines indicate days when the heating cables were turned off in May
2017 (left) and turned back on in September 2017 (right). Yellow stars denote the
days that soil cores were collected for bulk RNA extraction. Gray vertical bars
depict the observed difference in soil respiration rates between the heated and
control soils. The solid line going from left to right across the vertical gray bars
shows the expected difference based on previous years’ models. The table at the
bottom depicts, from top row to bottom row, the number of days since the heating
cables were turned off, the temperature of the control soils, the difference in
temperature between heated and control soils (H-C), the percent change in
temperature between heated and control soils, and the days where soil respiration
rates between the heated and control soils were significantly different.
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Figure 2. Total sequencing read counts by soil sample. Samples from heated plots are
shown in the top half of the y-axis, while the samples from control plots are shown in the
bottom half of the y-axis.
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Table 1. Structure of transcriptome data. A snapshot of the transcriptome results are
shown in the table. The results in full compile 28 different soil transcriptome files.
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Figure 3. Taxonomic distribution of each soil sample. Stacked bar plot showing the
abundances of different phyla (y-axis) by soil sample (x-axis). Control soil samples are
shown on the left half while heated soil samples are shown on the right half. Transcripts
that were considered “unclassified” were removed from analysis, and taxonomic
classifications that comprised less than 2% of a sample were also removed.
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Figure 4. Boxplot depicting the relative abundance of phyla in the organic layer.
Control soils are denoted by blue boxes and heated soils are denoted by orange boxes.
Vertical black lines depict the median while horizontal black lines span from the
minimum to the maximum. Yellow dots denote the mean. Transcripts that were
considered “unclassified” were removed from analysis, and taxonomic classifications that
comprised less than 3% of a sample were also removed.
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Figure 5. Boxplot depicting the relative abundance of phyla in the mineral layer.
Control soils are denoted by blue boxes and heated soils are denoted by orange boxes.
Vertical black lines depict the median while horizontal black lines span from the
minimum to the maximum. Yellow dots denote the mean. Transcripts that were
considered “unclassified” were removed from analysis, and taxonomic classifications that
comprised less than 3% of a sample were also removed.

23

Table 2. Significant decreases in transcriptional activity in the organic layer.
Taxonomic groups that decreased in transcript abundance in the organic layer of heated
soils are shown. The taxonomic level at which the difference was significant is indicated,
as well as the p-value, the difference between the heated mean transcript abundance and
the control mean transcript abundance, and the percent change.

Table 3. Significant increases in transcriptional activity in the organic layer.
Taxonomic groups that increased in transcript abundance in the organic layer of heated
soils are shown. The taxonomic level at which the difference was significant is indicated,
as well as the p-value, the difference between the heated mean transcript abundance and
the control mean transcript abundance, and the percent change.
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Table 4. Significant decreases in transcriptional activity in the mineral layer.
Taxonomic groups that decreased in transcript abundance in the mineral layer of heated
soils are shown. The taxonomic level at which the difference was significant is indicated,
as well as the p-value, the difference between the heated mean transcript abundance and
the control mean transcript abundance, and the percent change.

Table 5. Significant increases in transcriptional activity in the mineral layer.
Taxonomic groups that increased in transcript abundance in the mineral layer of heated
soils are shown. The taxonomic level at which the difference was significant is indicated,
as well as the p-value, the difference between the heated mean transcript abundance and
the control mean transcript abundance, and the percent change.
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Figure 6. Bubble plot depicting the difference between control and heated mean
transcript abundances (H_mean - C_mean). The difference in transcript abundance (xaxis) by taxonomic group (y-axis) and by soil layer is shown. The mineral layer is shown
in the left grid and the organic layer is shown in the right grid. Bubble size and color are
related to the p-value, where red bubbles with smaller size are more statistically
significant than bubbles that are blue and larger in size.
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Figure 7. Bubble plot depicting the percent change per taxonomic group. The percent
change (x-axis) by taxonomic group (y-axis) and by soil layer is shown. The mineral
layer is shown in the left grid and the organic layer is shown in the right grid. Bubble size
and color are related to the p-value, where red bubbles with smaller size are more
statistically significant than bubbles that are blue and larger in size.

Table 6. Summary of warming treatment effect on soil microbes shown by
taxonomic level. Taxonomic groups that demonstrated significant changes in transcript
abundance are color-coded by phylum. The warming effect and the taxonomic levels are
indicated. Taxa in gray cells were not found to be significant at that taxonomic level, but
are shown to provide additional context.
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Table 7. The warming treatment effect per phyla and their corresponding roles in
soil processes. The warming effects on each significantly affected phyla are shown, as
well as the soil processes that those taxa partake in. Soil processes in red are expected to
decrease in the soil as the earth continues to warm. Soil processes in green are expected
to increase in the soil as the earth continues to warm.

2.5. Discussion
2.5.a. Soil Losses
Basidiomycota demonstrated lower transcriptional activity in both the organic and
mineral layers of heated soils. A major fungal lineage including about one-third of all
fungal species, Basidiomycota are essential to nutrient cycling in the soil. The three
major sublineages of Basidiomycota include the Agaricomycotina (the mushrooms),
Puccinomycotina (the rusts), and Ustilagomycotina (the smuts). Basidiomycota are a
filamentous fungus, responsible for decomposing and recycling nutrients, namely lignin.
They can also form ectomycorrhizal associations with plant roots, which helps plants get
the vital nutrients they need while receiving sugar from photosynthesis in return (Taylor
et al., 2014). They can also form symbiotic relationships with insects. The warming
treatment resulted in losses of Basidiomycota at the phylum level, Agaricomycetes at the
class level, Agaricales and Polyporales at the order level. Decreases in transcriptional
activity of this group could mean decreased plant health and lower decomposition rates,
which could have several effects on the plants and insects these microbes interact with.
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Members of the Pseudomonadota phylum were less transcriptionally active at the
class, order, family, and genus level in both the mineral and organic layers. The warming
treatment resulted in several losses within the Pseudomonadota phylum, specifically from
the Betaproteobacteria class; orders Burholderiales, Legionellales, Pseudomonadales, and
Oceanospirillales; the Burkholderiaceae, Pseudomonadaceae, and Rhizobiaceae families;
and the Burkholderia, Pseudomonas, and Rhizobium genera. Pseudomonadota is a
prominent phylum of gram-negative bacteria. They are rod-shaped and obligately
aerobic. The phylum consists of both Gammaproteobacteria and Betaproteobacteria.
Gammaproteobacteria consist of about 250 genera, making it the class of prokaryotes
with the most genera. The Betaproteobacteria class contains over 75 genera.
Betaproteobacteria have important roles in maintaining soil pH and in nutrient cycling.
Members of the Pseudomonadota phylum are diverse. Many have anti-fungal activity that
enables them to fight off microbes that are pathogenic to plants, promoting plant growth
(Preston, 2004). Thus, losses within the Pseudomonadota phylum could have detrimental
effects on plant health.
In the mineral layer, members of the Bacteroidetes phylum were less
transcriptionally active in response to the warming treatment. The class Chitinophagia,
order Chitinophagales, and family Chitinophagaceae exhibited decreased transcript
abundance. Bacteroidetes are a rod-shaped, gram-negative bacteria that can be aerobic or
anaerobic. In the soil, members of the Bacteroidetes phylum are important for the
biochemistry and physiology of the soil (Larsbrink and McKee, 2020). They secrete
extracellular carbohydrate-active enzymes (CAZymes) via a type IX secretion system.
The secretion of these enzymes can be a rate-limiting factor in the recycling and
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decomposition of biomass. Losses of members of the Bacteroidetes phylum could
indicate slower rates of recycling nutrients and decomposing organic matter in the soil.
Granulicella, a genus of the Acidobacteria phylum, was less transcriptionally
active in the organic layer. Acidobacteria are a diverse and ubiquitous gram-negative
bacteria. They are aerobic and acidophilic chemoheterotrophs. Decomposition, regulation
of biogeochemical cycles, and promotion of plant growth are some of the important roles
of Acidobacteria in the soil (Kalam et al., 2020). Losses within this group could mean
decreases in carbon, nitrogen, and sulfur cycling, decomposition, and impacts on plant
growth in the organic layer.

2.5.b. Soil Gains
Another major group that was affected by the warming treatment in both the
mineral and organic layers is the Actinobacteria group, which increased with the
warming treatment. In the organic layer, they increased at the phylum and class level,
while in the mineral layer they increased at the family and genus level. The
Actinobacteria class, Nocardioidaceae family, and Mycobacterium genus were
significantly more transcriptionally active in the heated soils. The Actinobacteria phylum
consists mostly of gram-positive bacteria. Members of this group contribute immensely
to the soil environment, by mediating the degradation of lignin, cellulose, chitin, and
other polymers (Goodfellow and Williams, 1983). They also have antimicrobial effects
on other members of the soil. Actinobacteria are important to overall soil health because
they are decomposers and break down organic matter into molecules that plants can use.
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Increases in this group could mean higher decomposition rates in the soil, and greater
antimicrobial activity against other microbes.
In the organic layer, members of the Ascomycota phylum were significantly
impacted by the warming treatment. The Eurotiomycetes class, Eurotiales order, and
Aspergillaceae family were significantly more transcriptionally active in the heated soils.
Ascomycota can be unicellular or multicellular, and are the largest phylum of fungi.
Ascomycota are important for cycling carbon and nitrogen in arid environments and can
form symbiotic relationships with plant roots (Challacombe et al., 2019; Green et al.,
2008). Increased transcriptional activity in these groups may indicate higher rates of
carbon and nitrogen cycling, and strengthened plant-fungi interactions.
Chloroflexota are another group that was more transcriptionally active in the
organic layer, with significant increases in transcript abundance at the phylum and
species level. Chloroflexota members are filamentous, thermophilic and metabolically
diverse bacteria that include anoxygenic photoautotrophs, thermophiles, anaerobes, and
chemoheterotrophs (Gupta, 2013; Hanada et al., 1995). They acquire energy and fix
carbon dioxide through photosynthesis (Klappenbach and Pierson, 2004). Increased
transcriptional activity in this group could indicate increased rates of photosynthesis and
carbon cycling.
In the mineral layer, unclassified transcripts increased by 8.5% in response to
warming. These transcripts were unable to be classified even at the phylum level. The
high abundance of unclassified transcripts in both the organic and mineral layers further
demonstrates that the magnitude of soil microbial diversity extends far beyond our
current knowledge.

31

2.6. Conclusions
Warming the soil for 15 years significantly affected several taxonomic groups,
providing insight on how the soil microbiome may respond to climate change (Table 4).
In both the mineral and organic soil layers, groups like Basidiomycota and
Pseudomonadota decreased in response to warming, while Actinobacteria increased in
response to warming. Ascomycota and Chlorflexi increased specifically in the organic
layer, while Acidobacteria decreased in the organic layer. Members of the Bacteroidota
phylum decreased specifically in the mineral layer. There was also a significant increase
in unclassified transcripts in the mineral layer.
Several soil processes are expected to decrease or slow down due to significant
decreases in transcriptional activity of the taxa that perform them, including
decomposition, nutrient cycling, mediation of plant health and growth, CAZyme
secretion, and antifungal activity against plant pathogens (Table 5). Soil processes that
are expected to increase due to significant increases in transcriptional activity of the taxa
that perform them include carbon and nitrogen cycling, photosynthesis, and breakdown
of polymers. With global warming continuing in an upward trend, we may expect to see
these changes in the soil in coming years.

2.7. Future Directions
In the future, the Blanchard lab plans to combine transcriptome results from Day
0 with transcriptome data from later time points in the Temperature Toggle Experiment
to inform about the transcriptional changes that occur in response to long-term warming.
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Transcriptome data from later time points, i.e. when the heating cables were turned on
again in September 2017, will provide information on the molecular basis of the soil
microbial community’s response to turning the heating cables on again. Together this
data can answer the question as to how expression of genes related to cycling of nutrients
like carbon and nitrogen change as the soil was warmed again.

2.8. Data Availability
All raw metatranscript sequences can be found on the Joint Genome Institute
(JGI) genome portal along with all related annotation files at
https://genome.jgi.doe.gov/portal/.
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